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Heterogeneous reactionA new lignin-based solid acid was prepared by sulfonation of sulfuric acid lignin (a typical acid hydrolysis
lignin). The solid acid has been characterized by scanning electron microscopy (SEM), powder X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
mercury injection apparatus, and elemental analysis. Structural analyses suggest that the material with
high thermal and hydrothermal stability is composed of amorphous phenylpropane-based polymers
with sulfonic acid groups. Catalytic tests in esteriﬁcation of acetic acid with ethanol and hydration of
2, 3-dimethyl-2-butene show that the lignin-based solid acid exhibits high catalytic activities in
acid-catalyzed reactions, which can be used as a replacement for the conventional solid acid catalysts. This
may be attributed to good accessibility of reactants to sulfonic acid groups in the material structure.
Crown Copyright © 2013 Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
As the use of bioethanol to replace the petroleum transportation
fuels has attracted much attention, the acid sacchariﬁcation of
biomass such as woody materials has been developed to produce
the alternative energy source. However, this development has a
serious problem that a large-tonnage hydrolysis lignin was produced
as a byproduct. For example, from a wood-to-ethanol pilot plant in
Örnsköldsvik, the acid hydrolysis lignin (AHL) with highly condensed
structure possesses about 40–45 wt.% of the original feedstock [1].
Most of the hydrolysis residue has been used as a low-value fuel,
resulting in a serious environmental problem and a waste of biomass
resources. Therefore, it is signiﬁcant to explore the effective ways to
utilize acid hydrolysis lignin.
Many investigations have been conducted on the utilization of
AHL. Zou and Han [2] used AHL as a raw material for the preparation
of active carbons. Allen et al. [3] studied the application of AHL as a
sorbent for adsorption of 2-nitrophenol. Alalykin et al. [4] investigated
the modiﬁcation of AHL with orthophosphoric acid and urea to be a
ﬁre-retardant ﬁller. Synthesis of ion-exchange resins from hydrolysis
lignin has also been attempted. In 2000, Yasuda and Asano [5] prepared: +86 10 6441 9619.
g).
ier B.V. Open access under CC BY-NC-a strongly acidic cation-exchange resin with an ion-exchange capacity
of 3.2 mEq/g by phenolation of AHL and subsequent sulfonation.
After three years, Matsushita and Yasuda [6] studied the synthesis
of anion-exchange resins by phenolation of AHL and subsequent
amination.
In this study, the chemical conversion of sulfuric acid lignin
(Klason lignin, a typical acid hydrolysis lignin) to a solid acid catalyst
was investigated using the sulfonation with sulfuryl chloride, and its
catalytic performance was also discussed.
2. Methods
2.1. Preparation of lignin-based solid acid
Sulfuric acid lignin (SAL, Klason lignin) was prepared from the
40–60mesh pine wood powder (Chinese red pine, Pinus tabuliformis).
The starting material (20 g) was added in 200 mL of 72% sulfuric acid
and stirred in water bath at 30 °C for 24 h. 5600 mL of deionized
water was then mixed with the 72% solution of sulfuric acid to
produce a 3% solution, followed by raising the temperature to 120 °C
for 5 h. After the hydrolysis process was completed, the solid residue
(SAL) was ﬁltered, washed with deionized water, and dried at 105 °C.
To prepare a lignin-based solid acid with SO3H groups, 10 g
of dry SAL and 25 g of sulfuryl chloride were added in 50 mL of
tetrachloroethane, and the suspension was stirred at 50 °C for 5 h.
After the sulfonation, the product was ﬁltered and washed repeatedly
in boiling water until impurities such as sulfate ions were no longer
detected in the wash water.SA license.
Fig. 1. Possible formation pathway of the lignin-based solid acid.
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Structural information of the lignin-based solid acid was obtained
by scanning electron microscopy (SEM; DI, Veeco), powder X-ray
diffraction (XRD; D8FOCUS, Bruker), X-ray photoelectron spectroscopy
(XPS; ESCALAB-250, ThermoFisher Scientiﬁc), Fourier transform
infrared spectroscopy (FTIR; TENSOR 27, Bruker), thermogravimetric
analysis (TGA; LCT1390-8, Setaram), and mercury injection apparatus
(PASCAL140/240, Thermo Electron Corporation). The amount of
functional groups bonded to the prepared samples was estimated by
elemental analysis (vario MICRO cube, Elementar Inc.) and acid–base
neutralization titration. As shown in Fig. S1 of the Supporting Information,
the XPS spectrum for sulfuric acid lignin after sulfonation exhibits a single
S 2p peak attributable to SO3H groups at 168 eV. Therefore, it is expected
that all S atoms in the lignin-based material are contained in SO3H
groups [7]. The densities of SO3H groups were thus measured based on
the S content in the lignin-based sample compositions determined by
elemental analysis.
2.3. Acid catalytic reactions
The acid catalytic activities of the prepared samples were studied
using the esteriﬁcation of acetic acid with ethanol (70 °C) and hydra-
tion of 2, 3-dimethyl-2-butene (70 °C). Esteriﬁcation of acetic acid
and hydration of 2, 3-dimethyl-2-butene were carried out in an
ethanol–acetic acid mixture (ethanol, 1.0 mol; acetic acid, 0.1 mol)
and distilled water (0.42 mol) containing 2, 3-dimethyl-2-butene
(0.013 mol) in air atmosphere, respectively. For comparison, theacid catalytic performances of a strong acid cation exchange resin—
Amberlyst 15, and a typical sulfonated carbon-based solid acid
catalyst were also estimated. The sulfonated carbon-based catalyst
was prepared according to the procedure described by Okamura et
al. [8]. All tested catalysts were evacuated at 105 °C before reaction,
and 0.2 g of each catalyst was used in the reactions. The liquid
phase during reaction was precisely sampled and analyzed by gas
chromatography.
3. Results and discussion
3.1. Catalyst characterization
Wood is typically composed of many chemical components,
primarily cellulosic carbohydrates (cellulose and hemicellulose) and
lignin. Lignin is the second most abundant constituent in lignocellu-
losic biomass, exceeded only by the cellulosic carbohydrates. For
example, lignin comprises 26.7% of the dry weight of pine wood [9].
In the 72% sulfuric acid solution, polysaccharides (such as cellulose
and hemicellulose) in pine wood can be hydrolyzed and solubilized
excepting phenyl propane residues popularly known as sulfuric acid
lignin. The total yield of SAL was about 33 wt.%, which is dependent
on the lignin content in the wood material. According to the Chinese
standard methods of ﬁbrous raw material (GB/T 2677.2, GB/T 2677.3,
GB/T 2677.6, GB/T 2677.8 and GB/T 2677.10), the basic characteristics
for SAL were tested. The hydrolysis lignin contains 92.33 wt.% lignin,
1.47 wt.% ash, and 6.20 wt.% unhydrolyzed polysaccharides. It is
worth noting that the condensed lignin was formed in the hydrolysis,
Fig. 2. SEM image (a) and FTIR spectrum (b) of the lignin-based solid acid.
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benzylic carbons and the six positions of the guaiacyl nuclei
[6]. Therefore, SAL is a polymeric material like a polymeric resin andTable 1
the characteristics of the various catalysts.
Catalyst SO3H
/mmol g−1
Total acid
/mmol·g−
Lignin-based solid acid 0.37a 2.22b
Amberlyst 15 4.30 4.70
Sulfonated carbon 0.74 4.94
a Measured by elemental analysis.
b Measured by acid–base back titration. The lignin-based solid acid was reacted with exce
Experimental error: ±5%.
c Measured by mercury porosimetry.has the potential to generate functional polymer materials by
chemical modiﬁcation. In this study, a lignin-based solid acid has
been prepared by the modiﬁcation of SAL with sulfuryl chloridesites
1
Surface area
/m2·g−1
Average pore diameter
/nm
12.07c 1425.48c
45 57.60
3.70
ss 0.004 N NaOH in aqueous solution at room temperature for 2 h before neutralizing.
Fig. 3. Rate of formation of ethyl acetate during the esteriﬁcation of acetic acid with ethanol (343 K). Rates were measured in the early stage of the reaction (1 h).
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The lignin-based solid acid with a nominal composition of
CH0.707O0.143S0.061 was shown to be insoluble in a variety of solvents
(water, ethanol, benzene, and hexane), even at their boiling
temperatures.
The SEM image of the lignin-based solid acid was shown in Fig. 2a,
indicating that the solid acid has abundantwormhole-likemacroporous
structure with a broad pore size distribution ranging from 500 to
5000 nm. The results are in good agreement with the data from the
mercury porosimetry. The XRD pattern (Fig. S2 of the Supporting
Information) exhibits a broad, weak diffraction peak (2θ = 10°–30°)
attributable to an amorphous cross-linked phenylpropane-based
polymer oriented in a random fashion [10,11]. Fig. 2b shows FTIR
spectrum of the lignin-based solid acid. The vibration bands at
1040 cm−1 (SO3-stretching) and 1401 cm−1 (O_S_O stretching in
SO3H) in the FTIR spectrum indicate that the resulting material bearsFig. 4. Rate of formation of 2, 3-dimethyl-2-butanol (343 K). RaSO3H groups [12]. The bands at 1260, 1439, and 1696 cm−1, which
can be assigned to coupled C(_O)\O stretching vibration, OH
in-plane deformation vibrations, and C_O stretching of COOH groups,
respectively, show that carboxyl acid groups are also present at the
surface of the lignin-based solid acid [13]. Therefore, based on the
XRD and FTIR analysis, the solid acid material is composed of complex,
amorphous, and three-dimensional polymers containing Brønsted
acidic groups such as COOH and SO3H groups. Elemental analysis
shows that the concentration of sulfonic acid groups in the lignin-
based solid acid is 0.37 mmol/g (Table 1). The results obtained by
mercury porosimetry for the lignin-based solid acid show that it has
larger pore size than those of the other solid acids.
The thermal stability of the lignin-based material was examined
by thermogravimetric analysis (see Fig. S3 in the Supporting
Information). The mass of the material decreased smoothly and
continuously with increasing temperature from 100 °C to the ﬁnaltes were measured in the early stage of the reaction (5 h).
97F. Liang et al. / Catalysis Communications 40 (2013) 93–97temperature 700 °C. It should be noted that the yield of char, gas, and
tar was found in pyrolysis of the lignin-based solid acid. A high yield
of char (about 35 wt.% of the feedstock) was obtained, which is
mainly ascribed to the high lignin content in the solid acid. Two
notable mass loss peaks, which are present at 270 °C and 430 °C in
the DTG curve, are found at the major pyrolysis stage, which can be
assigned to the cleavage of the main lignin chains and desulfonation
[14]. Moreover, the hydrothermal stability of the lignin-based solid
acid was also tested by boiling the samples in a ﬂask for a period of
2 h at 100 °C. The results conﬁrmed that the amount of acid groups
remained unchanged after boiling the sample in water for 2 h.
Therefore, the lignin-base solid acid has high thermal and hydrothermal
stability.
3.2. Catalytic activities
The acid catalytic activities of the prepared solid acid were
examined using the esteriﬁcation of acetic acid with ethanol and
hydration of 2, 3-dimethyl-2-butene as probe reactions. The rates
for formation of ethyl acetate over three types of catalysts were
shown in Fig. 3. Notably, the lignin-based solid acid showed
much higher activities than those of Amberlyst 15 ion-exchange
resin and sulfonated carbon. However, compared with Amberlyst 15
ion-exchange resin or sulfonated carbon, the lignin-based solid acid
catalyst has low concentration of sulfonic acid groups. Therefore,
the high catalytic activities over the lignin-based catalyst should be
directly related to the contribution of the abundant macroporosity
[15,16]. The abundant macroporosity has an advantage for mass
transfer, achieving good accessibility for reactants in solution to
sulfonic acid groups. On the other hand, the rates for the formation
of 2, 3-dimethyl-2-butanol were estimated and shown in Fig. 4.
The lignin-based solid acid catalyst had the lowest activities for
the hydration of 2, 3-dimethyl-2-butene than the other solid acid
catalysts. Although the sulfonated carbon catalyst has much less
surface area (3.70 m2/g) than Amberlyst 15 resin and the lignin-
based solid acid, and total sulfonic acid sites of the sulfonated carbon
catalyst (0.74 mmol/g) were less than that of Amberlyst 15 resin, the
sulfonated carbon catalyst exhibits the highest activity, attributed to
its hydrophobic nature.
The lignin-based catalyst recycles have been conducted by
decantation, washing with water at room temperature, followed by
activation of catalysts in 0.1 M HCl at room temperature for 6 h and
drying at 100 °C for 24 h. The recyclability of the lignin-based solid
acid in esteriﬁcation was also tested (see Fig. S4 in the Supporting
Information). The results show that no decrease in activity was
observed even after the catalyst was recycled ﬁve times, indicating
that the lignin-based solid acid can function as a stable catalyst.4. Conclusion
In conclusion, a novel method for the utilization of acid hydrolysis
lignin (AHL) is developed. A lignin-based solid acid bearing SO3H
groups has been prepared by sulfonation of the sulfuric acid lignin
(a typical acid hydrolysis lignin). The lignin-based material exhibits
high activities in the acid-catalyzed reactions (such as esteriﬁcation
and hydration). Recycling in catalytic tests shows the superior
stability of the lignin-based based solid acid. Therefore, the lignin-
based solid acid can act as a replacement for conventional solid acid
catalysts.
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